Abstract: In sub-Saharan Africa, the demand for higher rice production continues to grow rapidly. Although there is a huge potential for increasing rice production through expansion of the rice cultivation area in wetlands, iron (Fe) toxicity tends to occur and consequently results in low rice yield. Development and deployment of varieties tolerant to Fe toxicity is one of the practical options to overcome this constraint. Several tolerant varieties have been developed through conventional breeding but progress in breeding has been generally slow mainly due to large genotype × environment interaction and field heterogeneity, which make rice selection ineffective. In addition, there are no valid managed-stress screening protocols which are highly efficient and that can predict rice performance in the diverse target environments of West Africa. Many O. glaberrima accessions have superior tolerance, but only a few of them have been utilized in breeding programs. The known quantitative trait loci (QTLs) related to Fe toxicity, have not been used for marker-assisted selection (MAS), as they gave small effects with a large confidence interval. Accelerating rice breeding efficiency for tolerance to Fe toxicity requires establishment of reliable screening protocols, use of O. glaberrima accessions as donors, identification of large-effect QTLs and MAS using such QTLs. This paper reviews the past and current efforts in West Africa to develop new varieties with superior tolerance to Fe toxicity.
Rice production in Africa has grown from a yearly average growth rate of 1.76% in 1991 -2001 to more than double (3.96%) in 2002 -2013 (FAOSTAT, 2014 . Thus, rice is the most rapidly growing cereal crop in sub-Saharan Africa (SSA) (Seck et al., 2012) . Although rice production has increased since the 1970s, domestic production meets only 60% of the demand. Annually, Africa imports about 13 million tons of milled rice which is equivalent to about one-third of the world market (FAO, 2013) . In 2008, growing concern about global food security led to a spike in food prices, particularly in rice, that consequently led to social unrest (Saito et al., 2015) . As a result of this 'rice crisis', African governments and the international donor community embarked on ambitious rice-development programs to achieve self-sufficiency (Saito et al., 2015) .
In SSA, there is increasing concern to close the gap between rice demand and supply through increasing domestic production, as there is substantial potential for expansion of the rice-growing area especially in wetlands (Windmeijer et al., 1994; Saito et al., 2013) . The wetlands have an estimated total surface of about 130 Mha across SSA, about 30 Mha of which is in West Africa alone (GRiSP, 2013) . Wetlands can be defined as areas where the soil is saturated with water either permanently or seasonally. Less than 5% of SSA wetlands are currently planted with rice (Balasubramanian et al., 2007) . Furthermore, large differences exist between potential yield and actual yields obtained by the farmer depending on the rice production system. For example the average yield in rainfed lowland is about 2.0 t ha -1 against a potential yield of up to 5.0 t ha -1 (GRiSP, 2013) . Thus, we need to identify the factors causing this yield gap, and develop a strategy to raise the productivity through use of improved varieties and management practices in the farmer's field. One reason for the poor productivity in wetlands in West Africa is the prevalence of both biotic and abiotic stresses. Important abiotic stresses include drought, submergence and Fe toxicity (Brady, 1982) . Fe toxicity is recognized as one of the most widespread soil problem in West African wetlands and is considered as a major constraint to rice production in these environments (Olaleye et al., 2001; Wan et al., 2005; Gridley et al., 2006) . However, there is limited information on the extent of area affected and annual losses incurred due to Fe toxicity on a global scale. Recently, by overlaying the soil map with the rice distribution map Haefele et al. (2014) roughly estimated that 19% of the total rice area in Africa has a potential risk of Fe toxicity. Chérif et al. (2009) reported that about 55% of the rice area is affected by Fe toxicity in three West African countries (Guinea, Côte d'Ivoire and Ghana), and about 10% of the area of rice cultivation is abandoned due to severe Fe toxicity. Reported yield losses were ranged from 10 to 90% due to Fe toxicity Chérif et al., 2009 ) depending on the severity of the stress and the variety's tolerance to Fe toxicity. However, seasonal and spatial variations in Fe toxicity occurrence (Sahrawat and Singh, 1998; WARDA, 1999; Chérif et al., 2009) lead to inconsistent performance of the varieties across locations and sometimes within the same field.
The areas affected by Fe toxicity are generally characterized by high amounts of reducible Fe, low pH, low redox potential, low cation exchange capacity (CEC) and low exchangeable potassium content (Ottow et al., 1982) . Fe toxicity mainly occurs in areas with poor drainage (Audebert and Sahrawat, 2000) , in acid soils (Tinh, 1999) and in some organic soils such as peat and valley bottomsoils (Asch et al., 2005) . In inland valleys, Fe will move from upland ferruginous soils to the bottom as a result of soil erosion and run-off as well as through interflow (Diatta et al., 1998) . The concentration of Fe in the soil solution ranges from 10 to 2000 mg L -1 depending on the site and the variety used (Diatta et al., 1998; Becker and Asch, 2005) . However, in fields, the critical concentration of Fe in the soil solution varies with, the location and the variety used, which indicates that other factors influence the occurrence of Fe toxicity (Audebert, 2006; Onaga et al., 2013) . In rice plants, Fe toxicity can occur directly or indirectly. Direct toxicity is related to excessive Fe absorption by the plants, whereas indirect toxicity results from the limited absorption of several nutrients such as calcium, magnesium, potassium, and phosphorus due to Fe precipitation on rice root epidermis (Fang and Kao, 2000; Sahrawat, 2005) . The severity of Fe toxicity in rice is linked to a number of soil factors such as potassium, phosphorus, calcium, magnesium, zinc and H 2 S (Diatta et al., 1998; Olaleye et al., 2001; Becker and Asch, 2005; Haefele et al., 2014) . Thus, Fe toxicity delays flowering, and overall results in a low yield or complete crop failure of most susceptible varieties Chérif et al., 2009; Dufey et al., 2009) . A typical symptom of Fe toxicity is the copper color of leaves, called 'bronzing' which has been often used as an indicator of the stress level of Fe toxicity (Bode et al., 1995) . However, in some cases, growth reduction and significant yield reduction can be observed in rice plants exposed to excess Fe without leaf bronzing (Li et al., 2001; Sahrawat, 2005; Sikirou, 2009; Onaga et al., 2013) .
To alleviate or cope with this constraint at the landscape and plot level, a wide range of agronomic interventions has been proposed, such as water control including drainage (Dixon et al., 2006) , sowing method (Chérif et al., 2006) , liming and ditches (Abdoul, 2006) , control of soil pH (Elec et al., 2013) , and planting on ridges with nutrient management options (Sahrawat and Sika, 2002) . However, in most cases, farmers with a low income cannot afford these agronomic interventions. Under such conditions, development and deployment of varieties with superior tolerance to Fe toxicity is considered one of the most affordable and effective approaches for improving rice productivity in the affected areas. Numerous studies on rice breeding for tolerance to Fe toxicity have been conducted in SSA as well as other regions. In this paper, we review the past and current efforts on genetic improvement to improve rice for tolerance to Fe toxicity with focus on West African agro-ecology. The next section points out the effectiveness of direct and indirect selection criteria for tolerance to Fe toxicity and provides information on phenotyping using a wide range of screening methods. Finally, we focus on the breeding efforts and discuss the genetic variation in the tolerance to Fe toxicity followed by a summary for detection of quantitative trait loci (QTLs) and opens to the implications for future research.
Selection criteria of Fe toxicity tolerant varieties
In plant genetic improvement, selection strategy is a key to progress. While breeding for complex traits such as abiotic stress tolerance, two types of selection are distinguished: direct selection based on yield and indirect selection using secondary traits such as leaf rolling, leaf bronzing score, plant height, root and shoot biomass, tissue Fe concentration, chlorophyll content or agronomic traits other than yield. Rice breeding programs aiming at improving the tolerance to Fe toxicity have mainly used yield for direct selection and leaf bronzing score as a secondary trait under Fe toxicity (Abifarin, 1989; Gridley et al., 2006) . However, there is limited information, regarding the response to selection for yield. In one study, Abifarin (1989) compared the performance of rice germplasm under Fe stress and control in Liberia and Nigeria, and selected some rice varieties based on yield. However, there were no significant differences in grain yields between the local check and the three best varieties. More information regarding heritability of yield under stress and the response to direct selection for yield under stress is needed. The key secondary trait should have sufficient genetic variability, it should be easier and less expensive to measure than grain yield itself, it should have high heritability, and it should have positive genetic correlation with yield (Laffite et al., 2003).
The leaf bronzing score (LBS) is a key secondary trait. Leaf symptoms are commonly rated visually using LBS (IRRI, 2002) . The score is graded on a scale of 0 -9 where 0 means normal growth and 9 indicates that almost all plants are dead or dying. As it is only a visual score it can be measured rapidly and it is also relatively easy to measure. However, several contradictory reports exist regarding the relationship between yield and LBS. Gridley et al. (2006) reported that it is possible to develop good varieties combining high yield with low LBS. Audebert and Sahrawat (2000) and Dramé et al. (2010) showed a strong negative correlation of 0.98 and 0.50 respectively, between LBS or leaf Fe content and grain yield for respective trials conducted in Korhogo (a Fe toxicity hotspot in Ivory Coast) and in three countries (southern Benin, Nigeria and Burkina Faso). Audebert and Fofana (2009) reported that for every increase in LBS by one grain, the yield is reduced by 500 kg ha -1 . There are a few other reports of a negative correlation between bronzing score and yield under Fe toxicity stress (Sahrawat et al., 1996; Nozoe et al., 2008; Onaga et al., 2013) . The relation between LBS and grain yield could depend on the type and number of entries used, and experimental conditions. In our studies (unpublished) using large populations (342) we observed a significant negative correlation between the two traits in the field. Using a smaller number of entries in screenhouse experiments we still observed significant negative correlation between the two traits. In breeding nurseries, even though such a correlation is evident, occasionally a few varieties with a high yield have a high LBS. Thus, there is sufficient evidence to show that the grain yield is negatively correlated to LBS. This relation should be exploited in breeding. LBS is a key secondary trait as it fulfills all the requirements necessary to use it in breeding programs. Based on LBS and Fe content in the tissues, Becker and Asch (2005) defined two types of tolerant varieties, i.e., the includers which have a high Fe content but low leaf bronzing and the excluders which have a low Fe content and low leaf bronzing. A colorimetric test based on selective formation of Fe 2+ color complex with 2,2'-bipyridine could be used to detect free Fe 2+ in the tissues and distinguish these two types of tolerant varieties (Engel et al., 2012) . However, it should be noted that tissue Fe content also did not always correlate with the genotype tolerance level (Becker and Asch, 2005; de Dorlodot et al., 2005) . Further studies are needed to exploit this trait to breed for enhanced tolerance to Fe toxicity in future breeding programs.
Phenotypic screening for tolerance to Fe toxicity
Field evaluation of large populations in Fe-toxic soils with high precision and repeatability can be the most appropriate screening method, if soils are uniform, Elec et al. (2013) consequently the experimental error will be small. However, the presence of significant genotype × environment interaction (G × E) reduces efficiency in the actual field (Letta, 2007; Menad et al., 2011) . The methods used to screen for tolerance to Fe toxicity (Table 1) are reviewed below.
(1) Hotspot screening "Hotspot" for Fe toxicity is an area with a relatively high Fe level, which can seriously affect rice production. This type of screening is conducted in naturally occurring Fetoxic fields, which vary from 10 to 2000 ppm (Diatta et al., 1998) . In West Africa, Fe toxicity hotspots are found in many countries and AfricaRice lowland breeding program in collaboration with national partners has been using mainly the hotspots at Suakoko (Liberia), Korhogo (Côte d'Ivoire), Kilissi (Guinea), Kou valley (Burkina) and Edozighi (Nigeria). Field evaluation of large populations in Fe-toxic soil conditions with high precision and repeatability would be the ideal situation since varieties would be tested in the target environments or in very similar conditions. However, high variability in the distribution of Fe, even in the same field, resulting in large experimental errors and large G × E interaction on rice yield greatly impairs varietal selection and breeding efficiency for tolerance to Fe toxicity (Chérif et al., 2009; Dramé et al., 2010) . Research for agricultural development on Fe toxicity should be directed to the biophysical environment analysis and multilocational trial for proper understanding (Piepho, 1996) .
Alternative approaches such as pot and hydroponic screening consist of establishing managed-stress screening for Fe toxicity. Such screening methods should be highly precise and high-heritable, and predict performance of the lines in the target environments. Otherwise, hotspot screening is needed to design proper plant breeding programs focused on developing varieties with tolerance to Fe toxicity for the low-income farmers. Numerous studies have been conducted for developing such screening methods. Here, we summarize the available screening methods, and their advantages and disadvantages.
(2) Pot screening A simple way for pot screening is to use soil from Fe toxicity hotspots and maintain flooded conditions throughout the experiment. Depending on pot size, rice plants can be grown till maturity. This approach has been successfully used by different researchers to identify tolerant varieties (Abifarin, 1989) . We recently conducted such a trial, and found that varietal performance was consistent across pots (M. Sikirou et al., unpublished data) . The disadvantage of this method is transportation of the soils from the hotspot field to the research station. Moreover, soil cannot be transported across country borders due to quarantine restrictions. However, once the soil is collected, it can be continuously used for several seasons.
As an alternative to Fe-toxic soil, the use of sand supplemented with different doses of FeSO 4 has been reported (Sikirou, 2009; Dufey et al., 2012) . Onaga et al. (2013) slightly improved this protocol by adding not only nitrogen, phosphorus and potassium but also micronutrients in the Yoshida solution. They found varietal variation in traits measured in pots and a positive correlation between traits measured in pots in a rain-out shelter and the field. However, neither comparison of varietal performances in pot experiments with that in the field nor the repeatability of such a screening method has been reported. Compared to screening with Fe-toxic soil, sand culture is more costly because of the use of iron sulfate (FeSO 4 ) and micronutrients and more labor is needed for washing the soil, collecting soil, transport and filling pots. Such issues should be considered especially in breeding programs where large populations are usually evaluated for selection or genetic studies as well as space availability for pot screening till maturity. At the same time, the reliability between pot approach and the field remains unclear and further experiments are needed.
(3) Hydroponics screening
This approach is a soil-free screening method using nutrient solution supplemented with excess iron. Various protocols using different types of nutrient solution, different sources of Fe and doses, different pH, with or without Fe chelator and imposing Fe toxicity at different times and for different durations have been described (Wang and Peverly, 1998; Shimizu et al., 2005a; Dufey et al., 2009; Elec et al., 2013) . In all protocols, screening is done at the vegetative growth stage and data on plant height, root length, shoot and root biomass, leaf Fe concentration and bronzing score are analyzed. However, the maintenance of uniform stress levels for a large number of plants is difficult by this method due to fluctuation in redox potential, which oxidizes of Fe 2+ to Fe 3+ . Therefore, in most of the studies, a relatively high Fe concentration is applied in a short-period of time inducing a large varietal variation in traits measured. Furthermore, it is adapted only in the early seedling stage because the plants succumb to the excess Fe 2+ (de Dorlodot, 2005) .
(4) Synthesis of phenotypic screening techniques In summary, field screening is hampered by field heterogeneity, seasonal variation and large G × E. Highly precise screening methods that are repeatable and able to predict performance of the variety/line in the target environments have not been found so far. Therefore more studies are needed to develop managed-stress screening protocols as an alternative to hotspot screening. However, 8 was from IITA while WITA lines were from both WARDA and IITA. CK varieties were from North Korea. Most of these varieties were traditional varieties with a long crop duration (165 to 170 days) with good levels of tolerance but very low yield potential (2490 kg ha -1 ) (Masajo et al., 1986; Abifarin, 1989; Winslow et al., 1989) . Besides, these lines failed to be widely adopted in West Africa although Suakoko 8 is still being grown in Liberia and is widely used as a tolerant check in experimental trials aiming at screening for tolerance to Fe toxicity. This has urged rice breeding programs in West Africa to develop new breeding lines more adapted to local conditions. Many promising lines have been obtained (Abifarin, 1989; WARDA, 1999) , and some have been released in several countries, for example WITA3, WITA 4, WITA 8, FKR 19, CK 73 and CK 92 (WARDA, 1998; Ouedraogo and Ouedraogo, 2003; Abdoul, 2006) . However very few are popular in rainfed lowland rice production systems in West Africa (WARDA, 2006) and despite continuous breeding efforts, new breeding lines have failed to replace the old Fe toxicitytolerant varieties such as Suakoko 8, CK 4 or WITA 4 in many areas. Some of the reasons for the slow progress in rice breeding for tolerance to Fe toxicity in West Africa are large genotype × environment and genotype × year (or season) interactions in rice yield, soil heterogeneity, and limited efforts on site-characterization in Fe-toxic conditions (Becker and Asch, 2005) . Large genotype × environment and genotype × year (or season) interaction could result in slow progress in the development of new varieties. Sahrawat et al. (2000) and Audebert (2006) used pattern analysis to investigate genotype × year (G × Y) interaction for rice yield and found that it accounted for 39% of the total sum of squares, whereas year and genotype accounted for 52 and 10%, respectively. Similarly, the nature of G × E interaction on rice yield was examined using data from 79 lines evaluated across 9 sites in Burkina Faso, Ghana, Guinea Conakry, and Nigeria (Dramé et al., 2010) . G × E interaction accounted for 26% environment for 70% and genotype for 3% of the total sum of squares, respectively. Such large G × E interaction suggests that the tolerance to Fe toxicity of most of the existing varieties is site-specific. With the recent nomination of Advanced Rice for Africa (ARICA) varieties that are tolerant to Fe toxicity, there is hope that there will be some renewal of farmers' grown varieties in areas with Fe toxicity in West Africa. With an overall mean of 40% higher yield than NERICA Lowland 19, ARICA varieties are selected through a rigorous multi-environment testing process including several regional and national trials as well as participatory varietal selection involving farmers (AfricaRice, 2014). Thus, they are expected to be more widely adapted than previous breeding lines and to correspond better to the farmer's and consumer's needs.
Genetic variation for tolerance to Fe toxicity also exists in the hydroponic method could be an interesting tool if there is a strong correlation between vegetative stage and reproductive stage in rice plant expression under Fe toxicity and if the result obtained could mimic field conditions. Until a better method has been developed, the leaf bronzing score can be used as an indicator of Fe toxicity but whenever possible, varietal selection should rely on additional growth or yield parameters. Pot screening methods can be used to identify donors and characterize promising breeding lines while well-characterized hotspots can be used to screen large breeding and mapping populations. Proper characterization of the field screening sites and target environments will allow a better understanding of the stresses occurring, their intensity level, timing and duration; and this will help identify the cause of the large G × E on yield observed for Fe toxicity. Because of the inaccessibility of soil analysis equipment or associated cost, most rice breeding programs in West Africa use the leaf bronzing score to characterize Fe toxicity field sites. However, at sites where Fe toxicity may induce growth and yield reduction without apparent leaf bronzing, such an approach will fail to diagnose Fe toxicity, because there are also many other stresses in natural field conditions. For example, deficiencies in potassium, phosphorus and zinc, which can occur in the same condition as Fe toxicity (Sahrawat and Diatta, 1995) could interfere with Fe toxicity screening if not controlled carefully. Micronutrient deficiency leads to severe reduction in tiller number (Cheema et al., 1990 ) and can interfere with the screening. If a simple method to quantify Fe 2+ in the field is available, the accuracy of screening for Fe toxicity can be increased by monitoring the Fe toxicity level in each plot and adjusting the yield of the tested breeding lines accordingly. In addition, pH and redox potential (Eh) should be regularly measured in the field since Narteh and Sahrawat (1999) have found a relationship between these parameters and Fe concentration in the soil solution. Breeding programs have been conducted using bronzing score to determine the level of Fe toxicity for trial characterization without any measurement of Fe concentration in the soils/ water in field conditions.
Progress in breeding
Breeding for tolerance to Fe toxicity has been a part of the research agenda of several rice programs in West Africa for a long time. Several national programs and international research organizations (IITA and WARDAnow AfricaRice) have considered Fe toxicity as a chief agenda in rice breeding. Breeding activities began in 1974 and mostly consisted of the evaluation of introductions which led to the identification of a few Fe toxicity-tolerant varieties (Abifarin, 1989) including the well-known Suakoko 8 in 1977, released in Liberia (Virmani, 1977) and in Sierra Leone as ROK 24 (WARDA, 1998). Suakoko the cultivated rice species, O. glaberrima (Sahrawat and Sika, 2002; Mendoza et al., 2003; Majerus et al., 2007 (Sahrawat and Sika, 2002; WARDA, 2002; Dramé et al., 2010) . Thus, it is worthwhile to exploit O. glaberrima germplasm in breeding varieties tolerant to Fe toxicity. Recently, AfricaRice embarked on phenotyping the entire O. glaberrima collection for tolerance to Fe toxicity (unpublished). Many promising accessions with performance higher than the best O. sativa and O. glaberrima checks have been identified and will be used as new sources of tolerance to Fe toxicity. O. glaberrima has also been reported to be generally adapted to harsh conditions, low input systems and many other stresses (Jones et al., 1997; Linares, 2002; Sarla, 2005) . Therefore, its use in breeding will not only improve the tolerance to Fe toxicity but will also be of real advantage under the farmer's field conditions where a combination of stresses usually occur and little or no fertilizer is applied to control nutrient deficiencies. Some varieties that have satisfactory levels of tolerance to Fe toxicity under West African condition are shown in Table 2 . Recently, there is interest in deploying rice hybrids for cultivation in West Africa. In 2013, hybrids developed in China were tested in Suakoko but they were found to be severely affected by Fe toxicity (Akintayo, personal communication). Similar efforts to introduce hybrids from Asia into Nigeria have met limited success due to susceptibility to Fe toxicity. Thus the best way might be to develop hybrids suited for the local condition.
Genetics of Fe toxicity tolerance
Very little information is available on the genetics of tolerance to Fe toxicity and its inheritance.
(1) Conventional studies Abifarin (1989) reported that some cultivars had dominant genes for tolerance to Fe toxicity whereas others had recessive genes. Thus, both genes should be nonallelic. Therefore, it was concluded that pyramiding genes from different sources of tolerance to Fe toxicity can result in higher levels of tolerance in new varieties. Owusu Nipah et al. (1999) used two populations derived from the crosses between the tolerant varieties, CK 4 and CK 73, with the sensitive varieties, ITA 330 and Bouake 189, to conduct such a study. The CK 4/ITA 330 cross showed the best performance under Fe toxicity conditions with F1 heterosis estimated at around 1 and high heritability (0.74) which suggested that the measured traits were heritable even in early generations. The same study also showed that genes responsible for tolerance to Fe toxicity were non-allelic and dominant but only for leaf bronzing score and not for grain yield. Unfortunately, proven Fe toxicity tolerance genes are yet to be identified. (2000) FKR 19 (2) QTLs Identifying stable QTLs with a large effect, which control complex traits under Fe toxicity conditions, remains a challenge. Several studies have identified QTLs associated with tolerance to Fe toxicity in rice (Table 3 ). The first report on QTL identification for tolerance to Fe toxicity was by Wu et al. (1997) using a double haploid population derived from IR64 and Azucena in culture solution conditions. The authors identified three QTLs for leaf bronzing score and relative decrease in shoot dry weight with phenotypic contributions ranging from 10 to 32 % (Wu et al., 1997) . Two of these QTLs were located on chromosome 1 and one solely for relative decrease in shoot dry weight on chromosome 8. Interestingly, in the same region on chromosome 1, Wu et al. (1998) detected QTLs associated with enzymatic activity of ascorbate peroxidase and glutathione reductase, and the concentration of dehydroascorbate and ascorbate in rice leaves. Other studies also revealed QTLs associated with traits used in indirect or direct selection of tolerance to Fe toxicity such as leaf bronzing score, stem dry weight, root dry weight, tiller number, plant height, and 100-grain weight. Using backcross population developed from Nipponbare and Kasalath, Wan et al. (2003a) identified four QTLs for leaf bronzing, root and shoot biomass and tiller number with relatively strong effects (20 to 48 %). As stated by the authors, whether the QTLs for shoot and root biomass at the region C25-C515 on chromosome 3 and for tiller number at the region R1928-C178 on chromosome 1 are associated with tolerance to Fe toxicity needs to be confirmed in a future study. Wan et al. (2003b) also detected fourteen QTLs with chromosome segment substitution lines (CSSLs) developed from Asominori and IR24 with contributions varying from 11 to 28% of phenotypic variation in leaf bronzing score, stem dry weight, plant height, root length and root dry weight. The QTL for leaf bronzing score located in the region C515-XNpb279 on chromosome 3 was identical to the QTL for chlorophyll content (Wan et al., 2003b) . Another QTL for leaf bronzing score was detected near RM221 on chromosome 2 (Shimizu, 2009) and Ouyang et al. (2007) detected seven QTLs that affected the coleoptile elongation using 244 inbred lines derived from Zhenshan97B/Miyang46. QTLs affecting the rice shoot Fe concentration on chromosomes 3 and 4 under excess Fe were reported (Shimizu et al., 2005b) and it was found that this QTL on chromosome 3 co-located with a QTL responsible for the high Fe content of shoot in Kasalath found between R663 and S1571 (Fukuda et al., 2012) . This particular region contains OsIRT1 and OsIRT2 involved in Fe uptake but the implication of these transporters for susceptibility to Fe toxicity in Kasalath needs to be confirmed. To date, molecular mechanisms under excess Fe conditions have not been studied in detail. The expression level of ferritin genes, OsFER1 and OsFER2, were increased in leaves under Fe toxicity conditions (Silveira et al., 2009; Stein et al., 2009) . A recent study revealed the presence of seven QTLs and three QTLs for leaf bronzing score in a F8 recombinant inbred population derived from IR 29/Pokkali and a backcross population derived from Nipponbare/Kasalath/Nipponbare, respectively (Wu et al., 2014) . The effects of the QTLs on chromosomes 1 and 3 were associated with shoot tolerance and with Fe exclusion, respectively. The effects of these QTLs on chromosome 1 and 3 were confirmed by using CSSL carrying Kasalath introgressions in the genetic background on Nipponbare (Wu et al., 2014) . Dufey et al. (2012) have looked at the QTLs associated with yield components under Fe toxic field conditions in particular in West Africa. Although of relatively small-effects, some of these QTLs co-located with previous QTLs, e.g., leaf bronzing QTL on chromosome 1, and were consistent over different experimental conditions, different environments and even in independent mapping studies. These stable QTLs were located in six regions of the rice genome and could be major QTLs harboring genes involved somehow in the tolerance to Fe toxicity (Dufey et al., 2012) . Recently, Dufey et al. (2015a) constructed an integrated map with the previous QTLs identified using the annotated physical map of the rice reference variety Nipponbare. They highlighted four candidate regions (CR), which were genomic regions with a high QTL density: CR1 on chromosome 1 between markers RM246 and RM443; CR2 on chromosome 2 between markers RM526 and R758; CR3 on chromosome 3 between markers C515 and C25; and CR4 on chromosome 7 between markers R1245 and RM429. For the first time, Dufey et al. (2015b) reported Fe toxicity tolerance QTLs from O. glaberrima using an interspecific backcross population derived from Caiapo/MG12//Caiapo. Out of the 28 significant putative QTLs identified (Dufey et al. 2015b) , 11 QTLs were associated with morphological traits such as leaf bronzing index, shoot dry weight and root dry weight on chromosome 1, 2, 3, 5 and 12 with contributions varying from 5 to 18% while 17 QTLs were associated with physiological traits such as chlorophyll content index, stomatal conductance, shoot water content, photosystem II efficiency, non-photochemical quenching, blade Fe concentration, sheath Fe concentration and root-plaque Fe concentration on chromosome 1, 2, 3, 5, 7 and 10 with contributions varying from 17 to 40%. Efforts toward the identification of candidate Fe toxicity tolerance genes in these particular genomic regions and for QTLs explaining relatively large phenotypic variation up to 48% (Wan et al., 2003a) would greatly improve the breeding efficiency for this trait.
Taking advantage of the availability of rice diversity panels, some of which have already been genotyped using several thousand single-nucleotide polymorphisms (SNPs) (Zhao et al., 2011) , different groups are also conducting association mapping for tolerance to Fe toxicity. This approach has been successfully applied to map genes/loci for aluminum tolerance (Famoso et al., 2010) and grain arsenic, copper, molybdenum, and zinc (Norton et al., 2014) . Currently application of molecular markers in breeding for tolerance to Fe toxicity (by marker-assisted selection; MAS) is seriously limited by the fact that most QTLs reported are for small effects and even for the few major ones, large confidence intervals and/or lack of validation in other genetic backgrounds and environments (actual field testing) constitute a drawback to their use. Because most of the QTL mapping studies reported focused on tolerance at the vegetative stage using hydroponic screening it is important to confirm association of reported QTLs with the tolerant phenotype in the target environment. As discussed herein, there are inconsistencies between genotype ranking in hydroponics and natural field conditions. Multi-environment screening of mapping populations or diversity panels under Fe toxicity field conditions in West Africa will ensure the identification of stable QTL/candidate gene and assist breeders in developing improved varieties for the target environments.
Identification of many QTLs with a small effect suggests that tolerance to Fe toxicity may involve additive effects of several genes. This implies that several QTLs/genes must be manipulated at the same time in order to have a significant impact on the phenotype. Alternatively, the search should be targeted to large-effect QTL associated with grain yield under Fe toxic conditions among germplasm adapted to Fe toxicity in West Africa. Mapping for grain yield under abiotic stress conditions is a viable option given the success of this approach in mapping QTL for rice drought tolerance (Venuprasad et al., 2009 ). Identification of large-effect QTL associated with tolerance to Fe toxicity that could be used in MAS can significantly accelerate rice breeding for tolerance to Fe toxicity. The multitude of factors affecting the occurrence of Fe toxicity and its tolerance make this task challenging but not impossible.
Conclusions
The progress in developing high-yielding varieties with strong tolerance to Fe toxicity is slow due to several constraints including the variation in Fe toxicity stress levels within and across sites, little or no consistency between controlled screening and field screening and, unavailability of molecular markers that could be used in MAS. Considerable efforts should be made to develop effective breeding strategies for tolerance to Fe toxicity in West African lowlands. Proper characterization of the field screening sites and target environments is required as well as the establishment of precise and reliable phenotyping protocols and a good knowledge of genetic factors underlying tolerance to Fe toxicity and its heritability. Exploiting germplasm that are more adapted to local conditions of West Africa such as O. glaberrima species and testing new ways of QTL/gene mapping may increase the chances of identifying large effect QTLs/genes that could accelerate breeding through MAS.
